Abstract. Physical fixation by rapid freezing followed by freeze-fracture and deep-etching has provided the means for potentially seeing the three-dimensional arrangement in the native state of particles on mitochondrial inner membranes. We have used these techniques to study the tubular cristae of Paramecium in the hope of determining the arrangement of Ft complexes, their abundance, and location in the membranes. We also sought information regarding other respiratory complexes in these membranes. Our results, supported by stereo pairs, show that F, complexes are arranged as a double row of particles spaced at 12 nm along each row as a zipper following the full length of the outer curve of the helically shaped tubular cristae. There are an average of 1,500 highly ordered Ft complexes per micrometer squared of 50-nm tubular cristae surface. The F~ complexes definitely lie outside the membranes in their native state. Other particle subsets, also nonrandomly arrayed, were seen. One such population located along the inner helical curve consisted of large 13-nm-wide particles that were spaced at 30 nm center-to-center. Such particles, because of their large size and relative abundance when compared to F, units, resemble complex I of the respiratory complexes. Any models attempting to understand the coupling of respiratory complexes with FoF, ATPase in Paramecium must take into account a relatively high degree of order and potential immobility of at least some of these integral membrane complexes.
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M
ITOCHONDRIAL cristae are known to contain the electron transport complexes as well as the FoFt ATPase complexes involved in oxidative phosphorylation. In addition, the ADP-ATP translocase, a transhydrogenase, and several less abundant integral membrane proteins reside in these membranes (6) . Over 25 years ago the presence of 9-nm projections extending from these membranes into the mitochondrial matrix was discovered in beef heart muscle by Fermindez-Mor~in (9) who used the negative-staining technique. In the ensuing years, similar globular units have been shown to be present in a wide variety of organisms across all living kingdoms of eukaryotic life (5, 26-28, 31, 35, 38) . Thus it is likely that all mitochondrial cristae bear these projections. The role of the 9-nm projections was established by reconstitution studies which confinned that the F~ head groups represented the ATPase complexes (34) .
At the same time some work was also done on estimating the relative numbers of FoF~ complexes per unit membrane area, e.g., Smith (38) reported that insect flight muscle has •4,000 complexes per micrometer squared of cristae membrane, but these reports were based on use of the negative staining technique where projections can best be seen when the membranes are viewed in profile. More recent estimates of the Ft concentrations are based on biochemical and enzymatic methods. For example, Schwerzmann et al. (42) calculated that rat liver mitochondria have 2,568 FoF~ complexes per micrometer squared of inner membrane.
Since the discovery of the FoF~ complexes at least four other complexes have been described in submitochondrial particles. Respiratory complexes II, III, and IV are smaller than FoFj (complex V) and complex I is larger (16) . While sheets of isolated and crystallized complexes have been extensively studied by electron microscopy (7), these complexes have yet to be identified in situ. Another question still in need of study is the topographic distribution of the FoF~ complexes as well as the respiratory complexes, i.e., are their distributions ordered or random. Finally, the exact vertical location of the FoF~ complex in native cristae is still debated from time to time (8, 26, 36) , although there is persuasive evidence that they are indeed located outside the crista membrane (33) and are not induced to extrude from the membrane by the preparative methods.
With the development of new electron microscopic techniques, chemical fixatives are no longer required and cells can be physically fixed by rapid freezing. Fracturing, etching, and replication after rapid-freezing allows the observation of cellular structures in three dimensions in as nearly a native state as is currently possible to obtain. By using these techniques to reinvestigate the structure of mitochondrial cristae we hoped to show the topographical arrangement of the FoF~ complexes and to determine their concentration on the membrane. We also sought morphological evidence for the arrangement of other complexes on the cristae membrane and confirmation that Ff globules are located outside of the cristae membranes in their native state.
Using Paramecium multimicronucleatum we have preserved whole cells and isolated mitochondria by rapid freezing alone and have fractured these preparations and etched away the surrounding soluble phase to expose their cristae. Projections of 9-nm diameter were observed to be located entirely outside the cristae membranes. They are arranged in a nonrandom, tightly ordered pattern on these near-native tubular cristae, which were perturbed only by dehydration via sublimation at -95°C. Estimates of the membrane's area occupied by these projections and numbers per micrometers squared of membrane area and per length of tubular crista were obtained. Finally, larger 10-nm and 13 × 22-nm projections were also observed. These projections also seemed to be nonrandomly distributed.
Materials and Methods
Paramecium multimicronucleatum, growing in an axenic medium (I0), was harvested at mid-log phase of growth. For comparative purposes thinsectioned cells were prepared as previously described (2) and negatively stained mitochondrial cristae were obtained by suspending mitochondria/ homogenates in phosphotungstic acid and drying on Formvar-coated grids following standard techniques (28) .
Whole Cell
For observing the native structures of mitochondrial cristae, living cells or cell fractions were rapidly frozen without earlier chemical fixation or cryopreservation and then freeze-fractured, deep-etched, and replicated. For deep-etch rotary-shadowing, protocols described by Heuser (17) and Hirokawa (18) were used. Living cells were concentrated in a clinical centrifuge. A small drop of cells, still in growth medium, was placed on a thin copper mount that was designed for the Balzers freeze-etch apparatus. The mount was affixed to the plunger ofa Reichert KF-80 rapid freezing device assembled for impact freezing using the MM-80 head. Cells were dropped onto a highly polished copper disk which was cooled by liquid nitrogen to -195°C. The MM-80 has a bounce-free variable force control which when optimally adjusted prevents the suspended cells from bursting on impact. Rapidly frozen cells were stored in liquid nitrogen before freeze-fracturing in a Balzers 400 apparatus. Before etching, only one pass with the microtome knife was made so that the fracture plane would be within 20 #m of the surface that impacted on the copper plate. After fracturing at -150"C, the temperature was raised to -95°C for 5-15 min for etching. Platinum to a thickness of 1.5-2 nm was evaporated onto the specimen at an angle of 24 ° as the specimen was being rotated. Carbon was evaporated at an angle of 80 °. Replicas were cleaned in a series of bleach, chromic acid, and distilled water. The replicas were viewed in a Zeiss 10A electron microscope and stereo pairs were taken at an angle of :t:10 ° using a rotating-tilting specimen holder. Figures illustrating this technique were printed so that regions containing evaporated platinum were light and regions lacking metal were dark.
Mitochondrial Fractions
Cells, suspended in triethanolamine-EDTA-acetic acid buffer, were broken open in a ball bearing homogenizer (Bernie-Teeh Engineers, Inc., Saratoga, CA). The homogenate was centrifuged twice at 1,088 g for 5 min each time to remove nuclei and whole cell debris then at 3,010 g for two times for 10 min each to obtain an enriched mitochondria pellet. Portions of this pellet were mounted on thin copper mounts and further processed as described above for whole cells.
Results
The classical techniques of negative staining and thin-section electron microscopy demonstrated that cristae of Paramecium, like many other protozoa, have tubular cristae which support 9-nm projections. After negative staining the 9-nm diameter globular units were found to be aligned in a row along the outer curved margins of cristae ( Fig. 1 ) as had previously been shown in Tetrahymena (26, 35) and other ciliates (5). Their center-to-center spacing was 12 nm. Such globules were not recognized along the inner curves or along straight sections of the tubules except where the tubules appeared to be distorted during isolation and drying. The extent that these projections occurred over all surfaces of the cristae could not be positively determined with this technique, since only those projections oriented in profile could be seen in a given micrograph. In thin sections of epon-embedded cells, occasional faint projections extending laterally from the cristae ( Fig. 2) were observed, but these were not prominent. On the other hand, cross-sectioned cristae were more frequently observed to bear one pair of projections ( Fig. 3) which, when the bend of the curved cristae could be determined, was on a curve's outer margin. Rapid freezing followed by freeze-fracturing and deepetching resulted in cross-fractured mitochondria which appeared to be free of the usual distortions seen in thin sections caused by the swelling or shrinking of these organelles induced by chemical fixation and dehydration. The mitochon- drial profiles were round (Fig. 4 A) and the inner and outer membranes were always closely apposed to each other. The latter was true even in unetched fractures where membrane profiles could not collapse. The tubular cristae were seen both in cross fractures and oblique fractures. In stereo pairs, the tubular cristae were seen to form a shallow helix (view right side of Fig. 4 , A and B with stereo viewer).
A double row of 9-nm projections was located along the outer curved margin of the helix. The remainder of the cristae surface was covered with a mosaic of irregularly shaped features which rose above the plane of the crista membrane to varying extents (arrow, Fig. 4 B) . Cross-fractures of the tubular cristae had a diameter of 50 nm and contained a circular etched center of "o9-13 nm in diameter. One pair of projections could usually be detected extending into the matrix from the surface of each tubular crista (open arrows, Fig. 4 B) .
Fractures of isolated whole mitochondria revealed the outer and inner membranes of mitochondria to be slightly separated after the isolation procedure (Fig. 5) . As in whole cells, the tubular cristae bore rows of 9-nm-diam particles at a 12-nm center-to-center spacing. When viewed from the top of the outer curve of the helix, two rows of interdigitating particles forming a "zipperlike" arrangement (small arrowhead, Fig. 5 ) could be observed. Besides the double row of 9-nm projections, other projections of 10 nm arranged along the lateral sides of the helical cristae were sometimes observed (arrow, Fig. 5 ). Twin globular projections could be seen arising from cross-fractured cristae and continuities of the intracrista space with the intermembrane space could also be found where the cristae contacted the inner membrane (large arrowhead, Fig. 5 and arrows, Fig. 6 ).
Projections of various sizes could be observed extending from the surface of cross-fractured cristae. Projections that extended 7 nm from the membrane surface were frequently angular in profile with flat tops, 12 nm wide (Fig. 6) .
At h~gher magnification and viewed from different angles, details of the twin rows of 9-nm projections could be studied. The projections, which were more or less round when viewed end on (Figs. 7 and 8 ), were 9-10-nm in diameter after rotary shadowing. A tiny region lacking evaporated platinum could sometimes be detected in the middle of these projections (Fig. 9 ). Projections were arranged in an orderly fashion in two rows, with a center-to-center spacing of 12 nm along each row. These two rows of projections were set close to each other but slightly offset which allowed the angular irregularities of the projections of one row to mesh into the notches between the projections of the second row. The over-
D i s c u s s i o n
That mitochondrial membranes are unique, particularly the infoldings or tubularizations of the inner membrane, is wellestablished both in their ultrastructure and biochemical constituents. The most prominent morphological feature of the membrane of cristae is the presence of 9-nm-diam projections which are especially clear in negative-stained preparations (e.g., reference 26). These projections are less frequently revealed by conventional thin-sectioning although they have occasionally been reported (3, 44) . Rapid freezing followed by freeze substitution has recently been used to enhance their contrast in epon-embedded cells (41) , but the deep-etch, rotary-shadowing technique occurring after rapid freezing has not been generally successful in showing details of these membranes in mammalian mitochondria (unpublished observations). The reason for this lack of detail for mammalian cell cristae is not clear. all width of the two rows was 25 nm. The height of the projections in side view was •13.5 nm (Fig. 10) , a value identical to that reported earlier for the F~ complexes of bovine heart mitochondria (45). A distinct stalk was rarely seen, but a line indicating the absence of metal was always seen to separate the row of projections from the crista membrane (Fig. 10) in both cross-fractured and lateral views of etched cristae. There was no indication that the membranes of the cristae have fractured through a hydrophobic interior, since their projections could be viewed both face on from the top (Figs. 7 and 8 ) as well as projecting laterally when viewed from the sides (Fig. 10) of the helical turns of the cristae. Fracture steps indicating that one membrane leaflet of the cristae had fractured away were never seen, although these were typically found in other membranes in the same replicas.
Other projections in more or less regular arrangement were detected in situ both in whole cells and in isolated cristae. In cryofixed whole cells, indications of large particles on the inside of the helical curves were sometimes observed (closed arrow, Fig. 4) . In isolated cristae very large particles 13 nm wide and ranging in length from 13 to 22 nm were clearly viewed aligned along the inside curve of the helix at intervals of 26-30 nm (arrows, Fig. 11 A and B, stereo pair) , Figure 6 . Tangential fracture through isolated mitochondrion exposing outer (om) and inner membrane (ira) etched surfaces. One crista is connected to the inner membrane at both ends (arrows).
This crista bears particles on its lateral and inner-curve surfaces. Many cristae are cross fractured exposing the inner lumen and laterally projecting particles of different size (small arrowheads). (Fig. 9 ) and in side view (Fig. 10) . Bar, 0.05/~m. A significant finding of this study is that rapid-freezing and deep-etching has permitted us to resolve the tubular cristae of Paramecium as well as a number of projections which extend from cristae surfaces into the matrix. The most outstanding of these projections are the twin rows of 9-nm particles which form a zipperlike array along the outer curved margin of the helically shaped tubules. Because all visible helical segments always bear these twin rows of projections on their outer curves, we conclude that this zipper-like array extends unbroken from one end of the tubule to the opposite end as depicted in Fig. 12 . A similar zipperlike array of particles has been reported in sperm, however, in this case the array was on the flagellar and not the mitochondrial membrane (11).
In addition, because these rows of 9-nm projections are identical to the images seen in negative stained preparations (see Fig. 1 ) and because, in other cells and tissues, identical projections have been shown to be the globular F, of the ATP synthase that projects into the matrix (34), we conclude that these 9-nm projections are the Fi complexes in Paramecium. We also conclude that these Ft complexes are indeed located outside the cristae membrane when fixed in their native state. Lingering doubts as to whether these complexes represent an artefact produced by the negativestaining technique can be laid to rest, at least for Paramecium. Although stalks were difficult to resolve, we do see evidence for these in the cleft between the 9-nm globules and the membrane.
The tightly organized and presumably immobile arrangement of these F~ complexes was unexpected in light of some currently held views of the high fluidity of mitochondrial inner membranes and the purported ability of the inner membrane complexes to move freely within the plane of the membrane (14, 15) . Although tubular cristae may represent a more basic type of cristae than their lamellaform counterparts, as has been suggested (8, 30) , we propose that FoG complexes on the cristae of higher organisms should be further examined for possible heterogeneous arrangements. Of particular interest would be the arrangement of complexes on tubular cristae of the adrenal cortex and interstitial cells of the testes (29) .
In fact, nonrandom arrangements of oxidative phosphorylation and respiratory complexes in mitochondria have frequently been postulated (23, 24, 32) and the kinetic evidence for such arrangements has been reviewed (21, 37, 39) . The evidence for nonrandomness is particularly well-established for complexes in other energy transducing membranes, i.e., thylakoids of chloroplasts (13, 22, 40) and cyanobacteria (12, 25) and the respiratory apparatus of halophilic bacteria (22) . Freeze-fracture replicas of some of these membranes have characteristic heterogenous distributions of their intramembrane particles, an organization that contributes to the efficient propagation of the photosynthetic and/or respiratory activities of these membranes and to coupling electron transport to the ATP producing complexes. Since the F~ complexes are packed together into rows of a constant width along the entire length of the helically wound tubule, we estimate that, for a 50-nm tubule describing a helix with a diameter of 250 nm and having a vertical spacing of 450 nm (whose matrix-facing surface area will be 0.1 #m 2 per turn), '~22% of the membrane's matrix face will be covered by this' "zipper" of projections. With a constant 12-nm center-to-center spacing along each row of the double F~ rows, one turn of a helix with the above dimensions will bear 150 FoF, complexes, i.e., there will be 150 FoF, complexes per 0.1 /~m 2 of matrix-facing surface area. Although the projections are highly ordered there would be on average 1,500 FoG complexes for every length of tubule representing 1 #m 2 of surface area. Of course, the luminal surface area of the tubule will be much less, only 20% as much as the matrix face for the above example. We know nothing about the volume of the membrane occupied by these integral membrane complexes or the amount of luminal surface area occupied by the presumptive luminally exposed faces of these complexes. The number of FoG complexes per unit of surface area can vary with the coiling of the helix, a more tightly wound helix, one with a smaller overall diameter or shorter vertical spacing, could contain more FoF~ complexes per unit area than one loosely wound. Due to their arrangement on the outer curve of the helix, we conclude that the number of FoFi complexes can increase without adding more membrane only by increasing the tightness of the helix or, as a result of adding more membrane, by increasing the length or number of cristae. Helical coiling of mitochondrial cristae to varying extents has been observed in Paramecium (1) . Tighter coiling to accommodate more FoG complexes may be one means this cell uses to quickly adapt to changing requirements of energy production without necessitating new membrane production.
Mitochondrial inner membranes have long been known to be composed of a high percentage of proteins, some 70% of this membrane is composed of protein which includes, besides the FoF~ complexes, at least four additional wellcharacterized respiratory complexes (16) . However, to our knowledge, the only proteins visualized in situ by the negative-staining technique have been the Ft complexes. Tanaka (43) using a new high-resolution scanning electronmicroscopic technique, has been able to visualize the matrix surface of the cristae in fractured mitochondria and has observed projections of a variety of sizes. However, no attempt to further characterize these projections has been reported. Also, this latter technique subjects the cells to a very long exposure to OsO4, alternating with DMSO, to remove the background matrix material. How this harsh treatment affects the appearance of mitochondrial membranes has not been determined.
In Paramecium at least two additional groups of projections of fairly distinct appearance and size protrude from the cristae into the matrix space. The first group is composed of relatively large and flat projections occurring along the inner curved margin of the helix. Though we have no biochemical or enzymic data to support the following speculation, this group of particles may be the complex I (NADH:ubiquinone oxidoreductase). Complex I is reported to be 700,000-900,000 Mr in size as compared to 500,000 Mr for the F~ complex (16) . Also in bovine heart mitochondria complex I is present in one-third to one-fifth the concentration of F~. At a 30-nm center-to-center spacing there would be 18 of l! dl Figure 12 . Drawing of one crista, roughly to scale, showing arrangement of outer twin rows of 9-rim F~ complexes in Paramecium and inner single row of large 13-rim-wide particles which correspond best to complex I of the respiratory chain complexes. A third array of lO-nm particles sometimes appears on the lateral surface (not illustrated).
these large projections along the inside margin of one turn of a helically wound tubule having the same dimensions as tliat given earlier. Thus the ratio of large projections to FoFt complexes would be one to eight. However, in many cases the large projections appear to be subdivided by a cleft (Fig.  11) suggesting that each elongated projection is composed of two monomers. Based on scanning transmission, electron microscopic mass determinations complex I has been determined to be a functional dimer with one flavin mononucleotide per monomer of 700-kD protein (4). The dimer makes up a unit of 1,600 kD (4). If each particle is a functional dimer, there would be 36 monomers of this type to every 150 FoF~ complexes giving a 1:4 ratio which is equivalent to the ratio between complex I and FoF~ determined by biochemical methods in beef heart (6, 16, 42) .
The second group, composed of 10-nm projections along the lateral sides of the cristae, could be either complex III (ubiquinol/ferricytochrome c oxidoreductase) or one of the integral membrane proteins not associated with respiration. Besides these projections the surface of the cristae is covered with a mosaic of features coated with metal. These presumably represent other peripheral or integral proteins which rise only slightly above the membrane surface. Positive identification of these regularly arranged projections as well as some of the other raised areas in the mosiac of features on the membrane surface can now be attempted on isolated cristae using the many specific antibodies that have been developed for individual polypeptides of the various complexes.
How a helically coiled tubular membrane might influence the location of integral membrane protein within that mere-brane is an intriguing problem. Molecular shape has been used to help explain the differential partitioning of phospholipids to the two leaflets of curved membranes and to help understand why some membranes curve more than others (19, 20) . Intuitively it would appear that the least amount of compression (if compression can exist in a fluid membrane) in a helically wound tubular membrane would always be on the outer curve of the helix while the most compression would occur on the inside curve. Thus, some molecular masses having certain shapes may be preferentially partitioned into regions of lesser compression. Why other complexes would preferentially align in the most compressed areas is not clear unless their shape excludes them from the less compressed regions of the membrane or they are somehow anchored to an external framework. It seems probable that intermolecular interactions between abutting FoF~ complexes account for the long chains of these complexes and may even account for their helical path. Specific intermolecular binding may exclude other two-dimensional arrays. Even cristae lengths could conceivably be determined by the lengths of the FoF~ chains themselves. However, such presumptive intermolecular forces remain to be characterized. The bases for the longer range spacing between the large complexes on the inner curve are not as easy to envision unless determined by forces outside the membrane, e.g., binding to mitochondrial matrix proteins, or by a more or less random distribution if they are allowed to move only in a back and forth path along the inner helical curve.
In summary we have shown that 9-nm projections are present on mitochondrial cristae that were physically fixed and perturbed only by sublimation at -95°C. These 9-nm projections fit the description of F~ complexes and in Paramecium these F~ complexes are highly organized and apparently immobile. There are "~1,500 of these complexes in a length of crista having a surface area of 1/~m 2. A second group of relatively large projections, also arranged in an orderly row and found on the inner helical curve conforms most closely to the size and relative abundance of complex I when compared with data on bovine heart mitochondria. There are ~18 of these large complexes (dimers?) for every 150 Ft complexes. The third group of projections is found on the lateral side of the helix and is of unknown composition. These results show that the membranes of mitochondrial cristae, at least in some eukaryotes, have more order than some membrane fluidity studies would suggest and this order must be taken into account in developing hypotheses to explain the coupling of respiratory complexes with the FoF~ ATPase of these eukaryotes. These morphological studies open the way for possible immunocytochemical identification of the integral membrane proteins of cristae.
